Cardiac hypertrophy triggered by mechanical load possesses features in common with growth factor signal transduction. A hemodynamic load provokes rapid expression of the growth factor-inducible nuclear oncogene, c-fos, and certain peptide growth factors specifically stimulate the "fetal" cardiac genes associated with hypertrophy, even in the absence of load. These include the gene encoding vascular smooth muscle alpha-actin, the earliest alpha-actin expressed during cardiac myogenesis; however, it is not known whether reactivation of the smooth muscle alpha-actin gene occurs in ventricular hypertrophy. We therefore investigated myocardial expression of the smooth muscle alpha-actin gene after hemodynamic overload. Smooth muscle alpha-actin mRNA was discernible 24 h after coarctation and was persistently expressed for up to 30 d. In hypertrophied hearts, the prevalence of smooth muscle alpha-actin gene induction was 0.909, versus 0.545 for skeletal muscle alpha-actin (P less than 0.05). Ventricular mass after 2 d or more of aortic constriction was more highly correlated with smooth muscle alpha-actin gene activation (r = 0.852; P = 0.0001) than with skeletal muscle alpha-actin (r = 0.532; P = 0.009); P less than 0.0005 for the difference in the correlation coefficients. Thus, smooth muscle alpha-actin is a molecular marker of the presence and extent of pressure-overload hypertrophy, whose correlation with cardiac growth at least equals that of skeletal alpha-actin. Induction of smooth muscle alpha-actin was delayed […] Abstract Cardiac hypertrophy triggered by mechanical load possesses features in common with growth factor signal transduction. A hemodynamic load provokes rapid expression of the growth factor-inducible nuclear oncogene, c-fos, and certain peptide growth factors specifically stimulate the "fetal" cardiac genes associated with hypertrophy, even in the absence of load. These include the gene encoding vascular smooth muscle a-actin, the earliest a-actin expressed during cardiac myogenesis; however, it is not known whether reactivation of the smooth muscle a-actin gene occurs in ventricular hypertrophy. We therefore investigated myocardial expression of the smooth muscle a-actin gene after hemodynamic overload. Smooth muscle a-actin mRNA was discernible 24 h after coarctation and was persistently expressed for up to 30 d. In hypertrophied hearts, the prevalence of smooth muscle a-actin gene induction was 0.909, versus 0.545 for skeletal muscle a-actin (P < 0.05). Ventricular mass after 2 d or more of aortic constriction was more highly correlated with smooth muscle a-actin gene activation (r = 0.852; P = 0.0001) than with skeletal muscle a-actin (r = 0.532; P = 0.009); P < 0.0005 for the difference in the correlation coefficients. Thus, smooth muscle a-actin is a molecular marker of the presence and extent of pressure-overload hypertrophy, whose correlation with cardiac growth at least equals that of skeletal a-actin. Induction of smooth muscle a-actin was delayed and sustained after aortic constriction, whereas the nuclear oncogenes c-jun and junB were expressed rapidly and transiently, providing potential dimerization partners for transcriptional control by c-fos. (J. Clin. Invest. 1991. 88:1581-1588 
Introduction
Myocardial hypertrophy produced in response to a hemodynamic load entails myocyte growth by cell enlargement, rather than proliferation, together with complex but characteristic changes in the expression of numerous cardiac-specific genes (1) (2) (3) . A hallmark ofthis regulatory event is selective activation of the genes encoding protein isoforms ordinarily associated with the embryonic or fetal ventricle, including atrial natriuretic factor (4), f3-tropomyosin (4) , atrial myosin light chain (5) , and the prototypes for this transition, (B myosin heavy chain (6) (7) (8) and skeletal muscle a-actin (4, 8, 9) . Thus, hypertrophy provoked by load in adult myocardium recapitulates, at least in part, the embryonic program observed during cardiac development. Homologies between load-induced hypertrophy and growth factor signalling pathways have been suggested. First, a corresponding ensemble of fetal cardiac genes is upregulated in vitro in the absence of load after treatment of neonatal rat cardiac myocytes with basic fibroblast growth factor (FGF)' or transforming growth factor p3-1 (TGF#) (10, 11) ; at least a subset of these genes can be evoked by other trophic factors including norepinephrine (12) and endothelin (13) . Second, the rapid and transient induction of the nuclear oncogenes, c-myc and c-fos, after hemodynamic load (4, 14, 15 ) also parallels signalling events evoked in cardiac myocytes by serum (16), FGFs (17), and other agonists (13, 18) .
Given the induction of skeletal a-actin mRNA by basic FGF, it was notable that acidic FGF, by contrast, suppressed the skeletal a-actin gene in cardiac myocytes (10, 11) . Basic and acidic FGF exerted antithetical, reciprocal effects on skeletal a-actin transcription, via the proximal 202 nucleotides of 5'-flanking sequence, and acidic FGF also suppressed the transcription of cardiac a-actin (1 1). Despite disparate effects on cardiac expression of the striated muscle a-actins, acidic FGF otherwise evoked responses quite similar to basic FGF, including upregulation of vascular smooth muscle a-actin (10) , the earliest a-actin expressed during cardiac myogenesis (19) (20) (21) .
Development of myocardium in the chick is heralded by the expression ofsmooth muscle a-actin transcripts in cardiac mesoderm, before formation of the definitive tubular heart (19) . This precedes the sequential activation of cardiac and skeletal a-actin genes, which supplant the smooth muscle isoform later in ontogeny, and cardiac a-actin is the predominant actin transcript in adult myocardium. Analogously, in the rat heart, smooth muscle a-actin is expressed at an equivalent embryonic stage, and persists at decreasing levels until shortly after birth (20, 21) . Adult rat cardiac myocytes reexpress smooth muscle a-actin, during culture in growth factor-rich media (22) . Interestingly, in humans, skeletal a-actin gene expression increases throughout development and is the predominant a-actin transcript in both normal and diseased cardiac muscle (23) . Investigations to date have not tested the prediction that the smooth muscle a-actin gene might be reactivated as part ofthe generalized fetal phenotype during hypertrophy produced by load.
Notwithstanding evidence that c-myc (24) and c-fos (25) proteins recognize specific DNA targets and participate in transcriptional control, the logical inference that c-fos mediates growth or fetal gene expression provoked by pressure overload has not been proven mechanistically. A second restriction to this hypothesis is that sequence recognition by c-fos is potentiated through formation of heterodimers with proteins of the Jun protooncogene family, whose prototypes are c-jun and junB (25, 26) . The expression (27, 28) and regulatory properties (29, 30 ) of c-jun and junB each differ, providing selective transcriptional activity to thefos/jun dimers formed in various biological contexts. One target for negative regulation byfos/jun is a decanucleotide serum response element (SRE) in the c-fos promoter itself (31, 32) ; the SRE is induced by various serum peptides including both basic and acidic FGF (33, 34) . Homologous elements within the skeletal muscle a-actin gene mediate basal expression in skeletal (35) (36) (37) and cardiac (34) myocytes, and the proximal SRE is activated selectively in cardiac muscle by basic FGF, but not acidic FGF (34) . However, it is unknown whether one or more of the obligatory dimerization partners for c-fos are expressed in adult rat myocardium or are induced during cardiac hypertrophy, as are other immediate-early genes.
Consequently, the aims of this study were: (a) to establish if vascular smooth muscle a-actin, which is upregulated in cultured cardiac myocytes in tandem with other fetal cardiac genes, is induced in vivo as a component ofthe fetal phenotype triggered by mechanical load; (b) if so, to determine which of the a-actin genes was more highly correlated with production of ventricular hypertrophy; (c) to ascertain whether genes encoding the required dimerization partners for c-fos might be upregulated in the ventricle after aortic constriction; and (d) to demonstrate whether the kinetics for induction of c-jun, junB, or both were compatible with their postulated role mediating the induction of fetal cardiac genes after mechanical load.
Methods
Animals and surgical procedures. Adult male Sprague-Dawley rats (250-300 g) were anesthetized with sodium pentobarbital (30 mg kg-', i.p.) and subjected to a sham operation (n = 47) or suprarenal aortic constriction of the abdominal aorta (n = 51), using a blunt 2 1-gauge needle to establish the diameter of the ligature (14) . The degree of constriction was selected on the basis of preliminary studies, to induce moderate cardiac hypertrophy and minimize the likelihood of confounding variables such as acute cardiac failure. The sham procedure for control rats included placement of a loosely tied ligature at the identical position. Rats were subsequently killed at intervals of 0 h-30 d. The left ventricle (LV) (left ventricular free wall and interventricular septum) was dissected free ofthe atria and right ventricle. Hypertrophy was calculated from the ratio of left ventricular mass/body mass normalized to that of control rats killed at the same stage ([LV/body LV /body~h.] -1) and was defined operationally as a ratio > 2.4 X 10-3.
RNA preparation and analysis. Total left ventricular RNA was isolated by the guanidium thiocyanate-phenol-chloroform method (38) and quantitated by spectrophotometry. Aliquots (15 utg) of denatured RNA were size-fractionated by formaldehyde gel electrophoresis and transferredto nylon membranes. Hybridization probes forcardiac, skeletal muscle, and smooth muscle a-actin were isoform-specific synthetic oligonucleotides derived from 3'-untranslated sequences, as previously described (10, 16) . Hybridization probes for cjun and junB were full-length murine cDNAs (28) . Oligonucleotide probes were 5'-labelled with [y-32P]ATP (5,000 Ci/mmol) using T4 polynucleotide kinase, to a sp act of 4-6 X 10' cpm yg'. cDNAs were labeled with [a-32PJATP (3, 000 Ci/mmol) by the random hexamer method (39) . RNA blot hybridization was performed as described (40) . Blots were washed for 45 min in 6x SSC at room temperature, then 20 min in 6X SSC/1% SDS at 420C for oligonucleotides and 50'C for cDNAs. Blots were exposed to XAR-2 film (Eastman Kodak Co., Rochester, NY) at -70'C with intensifying screens. Autoradiograms were subsequently quantitated by scanning densitometry and normalized on the basis of28S rRNA to correct for RNA loading. For each gene studied, results following aortic constriction or sham operation are expressed as relative mRNA concentrations, normalized to the sham-operated controls at 0 h. Statistical procedures. Experimental results were compared by the unpaired two-tail t test for two-group comparisons, and Scheffe's multiple comparison test for single factor analysis ofvariance, using a significance level of P < 0.05. Sham-operated animals did not vary significantly with time and were pooled for the comparisons, as in related investigations (7) .
Results
Smooth muscle and skeletal muscle a-actin genes are coordinately induced during myocardial hypertrophy. After the sham procedure, the ratio of LV mass to body mass in control animals was 2.19±0.024 X 01 0-(n = 34) and did not vary systematically with time. Under the moderate conditions used here to avoid potentially confounding effects of cardiac failure, suprarenal aortic constriction induced relatively mild ventricular hypertrophy (0.14±0.036, range 0-0.45) at 4-30 d ( Fig. 1) , with a prevalence of 0.48. Overall mortality (0.33) was less than reported previously in more severe models of load (7, 14) . The mean left ventricular mass/body mass was not increased beyond that of the sham-operated control group at < 2 d, and was first increased at 4 d (2.53±0.226 X 10-3; n = 4; P = 0.0015). Taken together, the mean LV/body mass ratio was 2.49±0.078 x 1-0 at 4 or more days after aortic constriction (n = 19; P = 0.0001), and was maintained at a ratio of -2.5 X l-' from 9 to 30 d (P = 0.0008,0.0001,0.0057 at 9, 15, and 30 d, respectively).
To establish whether plasticity of cardiac gene expression was provoked by the relatively conservative constriction used here, we first tested for induction of the skeletal a-actin gene, associated with fetal myocardium. Representative data are Each autoradiogram was exposed for 2 d. For reference, a-actin expression in embryonic 14-d and adult rat hearts is indicated at the left. Ethid-.
ium-bromide stained 28S ribosomal RNA is shown below the figure. (See Fig. 3 for summary of four independent ex-* periments.) SmA, smooth muscle a-actin; SkA, skeletal muscle a-actin; CaA, cardiac 30 a-actin.
shown in Fig. 2 , and four independent experiments (each comprising sham-operated and constricted animals at eight intervals after surgery) are summarized in Fig. 3 , A-B. Despite the variable and modest degree of hypertrophy resulting from the ligature, induction ofthe skeletal a-actin gene after aortic constriction differed significantly from levels of expression seen in the sham-operated controls. Overall, steady-state expression of the skeletal a-actin gene after aortic constriction was induced 4.43±0.87 X (n = 31; P = 0.0002), relative to the sham procedure (1.17+0.21X; n = 34). The sham-operated animals did not differ significantly from unoperated controls, did not vary over time, and were pooled for the subsequent statistical analysis (4, 9) . By contrast to the ventricular growth response, upregulation of skeletal a-actin mRNA was evident within 24 h (7.61±3.1X; n = 4; P = 0.0001) and was maximal at 48 h (9.12±3.8x; n = 4; P = 0.0001), similar to previous studies (4, 9) . Expression of skeletal a-actin transcripts persisted at lower abundance, at later intervals after coarctation. After 2 d or more of aortic constriction, the skeletal a-actin gene remained induced by at least 3 standard deviations in 6 of the 11 hearts with concurrent hypertrophy (mean, 7.33±1.7X), versus only 1 of the 12 without hypertrophy (mean, 1.73±0.30X; P = 0.0032). Thus, induction of the skeletal a-actin gene, to levels exceeding those observed in embryonic myocardium, was specifically associated with the presence of ventricular hypertrophy. By contrast, aortic constriction evoked no statistically significant change in expression of the cardiac a-actin gene (Fig. 3 , E-F). From the fact that TGF,3 and basic FGF reactivate the smooth muscle a-actin gene, as well as skeletal a-actin, in cultured cardiac muscle cells (10, I 1) we hypothesized that cardiac hypertrophy might be associated with reinduction of the smooth muscle a-actin gene in vivo. Using an oligonucleotide specific for smooth muscle a-actin, derived from the 3'-untranslated region, smooth muscle a-actin transcripts were readily identified in the 14-d embryonic heart under standard conditions (15 ug per lane), as well as in adult myocardium after aortic constriction. By contrast, little or no smooth muscle a-actin mRNA was detected in normal adult rat ventricular myocardium or in sham-operated control hearts (n = 34) (Figs. 2 and 3, C-D). To facilitate more accurate estimates ofsmooth muscle a-actin gene induction after aortic constriction, samples containing up to 40 ,g per lane of RNA from sham-operated adult rat myocardium initially were compared with 14-d embryonic myocardium, which could be readily evaluated ( Fig. 4 ). Smooth muscle a-actin mRNA in the 14-d embryonic heart was 12.7-fold more abundant than in sham-operated adult myocardium. Consequently, to compare smooth muscle a-actin gene activation after aortic constriction relative to sham-operated adult heart, hybridization signals first were normalized to a reference sample of embryonic day 14 myocardium and were then multiplied by 12.7. Overall, the mean level of smooth muscle a-actin mRNA induction after aortic constriction was 9.01±2.36X (n = 31; P = 0.0002). Smooth muscle a-actin mRNA was not significantly elevated 4 h after coarctation, but had increased 7.31±5.Ox by 24 h (n = 4; P = 0.0001). Smooth muscle a-actin mRNA remained highly expressed 2 d after aortic constriction (up to 20.5x; mean, I1l.5±5.1X; n = 4; P = 0.0001) and at 4 d (up to 35.7x; mean, 11.5+8.4; n = 4; P = 0.0005). High levels of expression were noted at up to 30 d (9 d: 6.5±4.1; n = 4; P = 0.0001; 15 d: 23.3±12.2; n = 3;P= 0.0001; 30d: 9.79+9.79; n = 4; P = 0.0017). Although the observed kinetics are potentially affected by the prevalence of hypertrophy elicited at differing intervals, smooth muscle a-actin mRNA was induced no more than 23x at 6 d, even in hypertrophied hearts, whereas the smooth muscle a-actin gene was activated up to 44 and 40x at 15 and 30 d, respectively. Similarly, the skeletal muscle a-actin gene was induced no more than 3X at 6 d, versus up to I 1.5 and 14.2x at 15 and 30 d. The transient decline in smooth muscle and skeletal muscle a-actin mRNA accumulation at 6 d is not explained by the absence of induced hypertrophy at this stage (cf. Fig. 1 ). A comparable transient decrease occurs in myosin heavy chain mRNA (7) .
At two or more days ofcoarctation, where it becomes feasible to correlate gene activation with the presence or absence of induced growth, smooth muscle a-actin gene induction in hypertrophied hearts was 22.1±4.03x (n = 1 1) versus 0.59±0.40x (n = 12) in hearts which did not hypertrophy after coarctation (n = 12; P = 0.0001). Activation of the smooth muscle a-actin gene occurred in 10 of the 11 hypertrophied hearts (range, 8.9-43.8x), versus 2 of 12 without hypertrophy despite coarctation (range, 1.4-4.7X). As expected, induction of the skeletal a-actin gene was associated with hypertrophy; however, the prevalence of skeletal muscle a-actin gene induction in hypertrophy was only 0.545, versus 0.909 for the smooth muscle a-actin gene (P < 0.05, by McNemar's test for paired categorical data). Although a positive linear correlation was found between the LV mass/body mass ratio and observed levels ofskeletal a-actin mRNA (r = 0.532; n = 23; P = 0.009), ventricular growth and skeletal a-actin gene activity were not uniformly concordant. By contrast, the increase in ventricular mass was correlated more suggestively with the degree of smooth muscle a-actin activation (r = 0.852; n = 23; P = 0.0001); the correlation coefficient was comparable to that previously observed for ,3 myosin heavy chains (7) . This difference in the correlation coefficients was significant by Fisher's z score, with P < 0.0005. There was no significant relation between cardiac a-actin expression and ventricular mass (r = 0.025; n = 23; P = 0.9115). Thus, smooth muscle a-actin is a marker of both the presence and extent of ventricular hypertrophy, whose correlation with cardiac growth, under the conditions tested, at least equals that of skeletal a-actin. The c-jun andjunB transcriptionfactors are induced consecutively after coarctation. To ascertain whether one or more members of the jun multigene family are induced in myocardium following mechanical load and, if so, whether their activation is highly congruent, left ventricular RNA samples at intervals after aortic constriction were analyzed for expression of c-jun andjunB (Figs. 5 and 6 ). Basal expression ofc-jun (2.5 and 3.2 kb) andjunB (2.0 kb) was detected, in agreement with previous results in adult mouse myocardium (26) . After the sham operation, neither c-jun (1.29±0.20x) nor junB (1.42±0.16X; n = 18) was upregulated significantly. After coarctation, c-jun mRNA increased within 60 min (2.23±0.53x; n = 4; P = 0.0291), and remained elevated for up to 24 h (2 h: 3.34±1.32; n = 3; P = 0.0018; 4 h: 3.15±0.43X; n = 3; P = 0.0001; 24 h: 2.69±0.64x; n = 4; P = 0.0032). Overall, c-jun mRNA increased 2.64±0.30X (n = 17; P = 0.0001). Thus, c-jun is induced after aortic constriction with kinetics at least as rapid as reported for other immediate-early genes such as c-fos and c-myc (4, 15) .
Although junB was upregulated at least as highly as c-jun, its kinetics of accumulation were relatively delayed. Steadystate junB mRNA levels did not increase significantly relative to the unoperated controls, until 2 h after coarctation (2.54±1.05X; n = 3; P = 0.0244). JunB mRNA continued to accumulate at 4 h (4.56±2.0lx; n = 3; P = 0.0005) and was maximal at 24 h (9.90±3.76x; n = 4; P = 0.0001). By contrast, in quiescent fibroblasts, junB and c-jun were induced with parallel kinetics, within 30 min of serum stimulation (26) . As the identical hybridization filters were used to detect c-jun and junB, the disparity in their kinetics of induction is neither a spurious consequence of RNA loading nor an artifact of variance in the production of hypertrophy. Neither c-jun norjunB remained upregulated after two or more days of coarctation (not shown).
Discussion
Smooth muscle a-actin gene induction corroborates the fetal phenotype in pressure overload hypertrophy. The experiments reported here demonstrate that reactivation of the vascular smooth muscle a-actin gene, the first a-actin expressed during cardiac myogenesis, accompanies cardiac hypertrophy produced by coarctation. These findings contribute to the inference that the pattern of cardiac-specific gene expression in overloaded myocardium resembles, in many ways, a fetal program (1-9, 41). ("Hypertrophy recapitulates ontogeny.") In addition, our results at least partially resolve two interesting ambiguities concerning smooth and skeletal muscle a-actin . 0.05. P values were calculated as for Fig. 3 . Grey, c-jun; black, junB.
Smooth Muscle Actin in Myocardial Hypertrophy gene expression in cardiac hypertrophy. First, fibroblast growth factors and type ,3 transforming growth factor selectively induce an ensemble of fetal cardiac genes in cultured cardiac myocytes, including smooth muscle a-actin (10, 11) . Although the overall similarity was noted between these growth factor effects and the fetal phenotype associated with hypertrophy, it was conjectural whether smooth muscle a-actin gene induction would in fact accompany cardiac growth in vivo. Second, despite the usefulness of skeletal a-actin for investigations of trophic signalling mechanisms in cardiac cells both in vitro (10) (11) (12) 42) and in vivo (8, 9, 43) , skeletal a-actin is expressed erratically in diseased human myocardium, at levels that do not differ significantly from normal values (23) . The inability to detect an association between hypertrophy and skeletal a-actin induction in myocardial disease is consistent, conceivably, with the failure of ventricular growth and skeletal a-actin mRNA levels to concur quantitatively even under more controlled conditions. Conversely, the greater correlation between hypertrophy and reactivation of the smooth muscle a-actin gene advances the case for examining smooth muscle a-actin gene expression during cardiac hypertrophy in humans. Basal expression of skeletal a-actin mRNA in myocardium exceeded the minimal levels observed previously by others in Wistar rats (4, 9) ; we detect similar levels ofskeletal a-actin mRNA in both Sprague-Dawley and Wistar rats from the vendor used, but cannot exclude differences in housing conditions (44) as a factor contributing to expression in the unoperated and shamoperated controls. Plasticity of smooth muscle a-actin gene expression. Two limitations of this study are shared with the published data concerning upregulation ofthe skeletal a-actin gene during cardiac hypertrophy. First, the structural and functional effects of reinducing either fetal a-actin gene in adult myocardium remain to be shown. For example, no phenotypic consequences are evident from a reduplication of the 5' end of the cardiac a-actin gene, which results in high-level expression of skeletal a-actin in Balb/C mice (45) . Consequently, we and others have postulated that the fetal cardiac genes which are coordinately induced during hypertrophy might share regulatory mechanisms in common, rather than homeostatic value (1-3). However, even single point mutations in actin can measurably alter cross-bridge kinetics (46) , and a systematic comparison of aactin function by in vitro motility assays has not yet been performed. Second, subsequent experiments are required to establish whether the smooth muscle a-actin transcripts result in accumulation of the corresponding protein. Reactivation of smooth muscle a-actin gene expression to levels exceeding those in the fetal heart makes it less probable that induction has occurred in only a minor component ofthe myocardium. However, coronary arteries, endothelium, and cardiac fibroblasts must be excluded ultimately as sources of the smooth muscle a-actin mRNA (47) . Immunohistochemical studies are also required to define whether smooth muscle a-actin can become incorporated into the sarcomeres ofadult myocardium or, alternatively, is confined to with stress fibers, as in cultured adult cardiac myocytes (22) .
Smooth muscle a-actin gene induction is congruent with an autocrine orparacrine model ofpressure-overload hypertrophy.
We previously demonstrated upregulation of fetal cardiac genes, including smooth and skeletal muscle a-actin, in cardiac myocytes stimulated with TGFf3 or basic FGF (10, 1 1). Thus, growth factor-dependent mechanisms might potentiate, modu-late, or sustain the signals initiated in myocardium by load itself (3, 41) . The proposed autocrine or paracrine model of cardiac hypertrophy gains credence from the inconsistent relationship of load to cardiac mass (48) and fetal gene expression (8, 49) . Undefined trophic activity was found in myocardium after pressure overload (50) , and aortic constriction is reported to induce the genes encoding both TGF,3 (51) and basic FGF (52) . For skeletal a-actin, basal expression in cardiac myocytes and induction by basic FGF both are mediated by a CC[A/ T]6GG element in the proximal promoter (34) , which displays sequence similarity and cross-competition with the SRE for growth factor induction of c-fos (33, 36, 53) . Canonical SREs have likewise been implicated in basal tissue-specific transcription of smooth muscle a-actin (54, 55) . It is presently conjectural, however, whether this family of regulatory elements is crucial to the induction of either smooth muscle or skeletal muscle a-actin after mechanical load.
The oncogene signalling hypothesis. The transcription factors c-myc and c-fos are rapidly and transiently induced in the heart by pressure overload (4, 14, 15) or increased coronary perfusion pressure (56). In cultured ventricular cells expression of c-fos is provoked by diverse agonists or interventions whose effects resemble hypertrophy in vivo, including FGFs (Parker, T. G., F. M. Black, and M. D. Schneider, unpublished results), endothelin-l (13), and passive stretch (57) . Taking these findings together with more mechanistic data in other systems for the role of nuclear oncogenes, we and others have proposed that inducible transcription factors such asfos and myc might couple mechanical load to long-term changes in ventricular growth and gene expression (1-4, 13, 15, 18, 41, 57) . Sincefos proteins function as heterodimers, we have verified here that genes encoding two potential dimerization partners, c-jun and junB, are expressed in adult rat myocardium, and ascertained that these putative mediators are expressed with appropriately rapid kinetics, preceding growth and induction of fetal cardiac genes. Despite similar DNA-binding specificity, the transcriptional activities of c-jun and junB differ (29, 30) . The delayed accumulation of junB after coarctation, relative to c-fos and c-jun, is consistent with the reported role ofjunB as an inhibitor of c-jun activity. Any causal inferences related to hypertrophy must be provisional, however, in the absence offunctional studies utilizing oncogene expression vectors or, conversely, interdicting trophic signal transduction within cardiac muscle cells.
Candidates for such studies also include junD and four members of the fos protein family-fra-1, fra-2, fosB, and an alternatively spliced form offosB, AfosB, which inhibits both transactivation and transrepression byfos and jun (58) . Additional permutations of jun heterodimers are generated via other classes of leucine zipper proteins (59, 60).
Dilemmas confronting any attempt to explain long-term changes in myocardial gene expression on the basis ofimmediate-early response genes include the very transient expression of the postulated mediators and, more importantly, the absence of canonical fos/jun (AP-1) binding sites in many of the cardiac genes which are coregulated during hypertrophy. Transcriptional control of c-fos itself provides a useful counterexample. The target for transrepression of the fos promoter by c-fos is not an AP-I site, but rather the unrelated SRE (31, 32) , and mutant fos proteins defective for DNA binding transrepress effectively (31) . Through protein-protein interactions involving other classes of transcription factors, fos and jun proteins modulate gene expression indirectly (61) . Consequently, 1586 it is reasonable to postulate that fos/jun complexes produced after a mechanical load might regulate smooth muscle and skeletal muscle a-actin transcription, along with other cardiac genes that lack afos/jun binding site. As a final caveat, jl-adrenergic agonists induce both c-fos and c-jun but not cardiac-specific genes (62) (cf. [63] ); thus, increased expression of these two oncogenes (at least, at the RNA level) need not suffice to cause the transcriptional program of hypertrophy. Conversely, posttranslational modifications might induce DNA-binding and transactivation (64) or transrepression (65) by preexisting AP-1.
In summary, aortic coarctation reactivates the vascular smooth muscle a-actin gene in myocardium. Upregulation of the smooth muscle a-actin gene was demonstrated previously in neonatal cardiac myocytes stimulated by transforming and fibroblast growth factors, which produce a generalized fetal phenotype resembling that seen after mechanical load. Among the potential signalling molecules coupling mechanical load to long-term changes in gene expression, aortic constriction provokes not only the transcription factor, c-fos, but two of its dimerization partners, c-jun and junB, whose functional properties differ. These results establish that smooth muscle a-actin is a molecular marker ofthe presence and extent ofventricular hypertrophy, and reveal additional congruities between growth factor signal transduction and hypertrophy triggered by load. These investigations also suggest that functionalfos/jun dimers should exist in overloaded myocardium, and identify candidate genes for disruption of trophic signalling pathways in myocardial cells.
